Background: Because they have chronic airway inflammation, adults with asthma could have symptomatic exacerbation after exposure to second hand smoke (SHS). Surprisingly, data on the effects of SHS exposure in adults with asthma are quite limited. Most previous epidemiological studies used self-reported SHS exposure which could be biased by inaccurate reporting. In a prospective cohort study of adult nonsmokers recently admitted to hospital for asthma, the impact of SHS exposure on asthma health outcomes was examined. Methods: Recent SHS exposure during the previous 7 days was directly measured using a personal nicotine badge (n = 189) and exposure during the previous 3 months was estimated using hair nicotine and cotinine levels (n = 138). Asthma severity and health status were ascertained during telephone interviews, and subsequent admission to hospital for asthma was determined from computerised utilisation databases. Results: Most of the adults with asthma were exposed to SHS, with estimates ranging from 60% to 83% depending on the time frame and methodology. The highest level of recent SHS exposure, as measured by the personal nicotine badge, was related to greater asthma severity (mean score increment for highest tertile of nicotine level 1.56 points; 95% CI 0.18 to 2.95), controlling for sociodemographic covariates and previous smoking history. Moreover, the second and third tertiles of hair nicotine exposure during the previous month were associated with a greater baseline prospective risk of hospital admission for asthma (HR 3.73; 95% CI 1.04 to 13.30 and HR 3.61; 95% CI 1.0 to 12.9, respectively). Conclusions: Directly measured SHS exposure appears to be associated with poorer asthma outcomes. In public health terms, these results support efforts to prohibit smoking in public places.
Background: Because they have chronic airway inflammation, adults with asthma could have symptomatic exacerbation after exposure to second hand smoke (SHS) . Surprisingly, data on the effects of SHS exposure in adults with asthma are quite limited. Most previous epidemiological studies used self-reported SHS exposure which could be biased by inaccurate reporting. In a prospective cohort study of adult nonsmokers recently admitted to hospital for asthma, the impact of SHS exposure on asthma health outcomes was examined. Methods: Recent SHS exposure during the previous 7 days was directly measured using a personal nicotine badge (n = 189) and exposure during the previous 3 months was estimated using hair nicotine and cotinine levels (n = 138). Asthma severity and health status were ascertained during telephone interviews, and subsequent admission to hospital for asthma was determined from computerised utilisation databases. Results: Most of the adults with asthma were exposed to SHS, with estimates ranging from 60% to 83% depending on the time frame and methodology. The highest level of recent SHS exposure, as measured by the personal nicotine badge, was related to greater asthma severity (mean score increment for highest tertile of nicotine level 1.56 points; 95% CI 0.18 to 2.95), controlling for sociodemographic covariates and previous smoking history. Moreover, the second and third tertiles of hair nicotine exposure during the previous month were associated with a greater baseline prospective risk of hospital admission for asthma (HR 3.73; 95% CI 1.04 to 13.30 and HR 3.61; 95% CI 1.0 to 12.9, respectively). Conclusions: Directly measured SHS exposure appears to be associated with poorer asthma outcomes. In public health terms, these results support efforts to prohibit smoking in public places. A complex mixture of over 4000 chemical compounds, second hand tobacco smoke (SHS) contains potent respiratory irritants such as sulfur dioxide, ammonia, formaldehyde, and acrolein. 1 Because they have chronic airway inflammation, adults with asthma could have symptomatic exacerbation after SHS exposure. Supporting this contention, extensive evidence implicates SHS exposure as a cause of asthma exacerbation among children. 1 In contrast, data on the effects of SHS exposure in adults with asthma are surprisingly limited. [2] [3] [4] [5] [6] [7] Moreover, most previous epidemiological studies used self-reported measurement of SHS exposure which could be biased by inaccurate recollection or reporting of SHS exposure. Direct measurement of SHS exposure using a personal nicotine badge and hair analysis provides an objective unbiased assessment of SHS exposure. In a prospective cohort study of adults with severe asthma, we studied the impact of SHS exposure, which was directly measured, on asthma health outcomes.
METHODS

Overview
The data used were from a prospective cohort study of adult members of a closed panel managed care organisation admitted to hospital for asthma during a 4 year period. After hospital discharge we conducted structured telephone interviews and direct SHS exposure assessment using personal nicotine badges and hair analysis of nicotine and cotinine. This combined methodology provided estimates of SHS exposure for a time window ranging from the previous 7 days to previous 3 months. We examined the impact of directly measured SHS exposure on asthma severity, health status, and the prospective risk of future hospital admissions for asthma. The study was approved by the University of California, San Francisco Committee on Human Research and the Kaiser Foundation Research Institute's institutional review board.
Subject recruitment
Adult members of Kaiser Permanente (KP), the nation's largest non-profit managed care organisation, were studied. In Northern California, the Kaiser Permanente Medical Care Program (KPMCP) provides the full spectrum of primary to tertiary care to approximately 3.1 million members. In Northern California KP's share of the regional population ranges from 25% to 30%. 8 The demographic characteristics of KP membership are similar to the overall Northern California population except for the extremes of income distribution. 9 Of the 2.0 million adult KP members (>18 years), an estimated 160 307 (8.1%) have asthma.
On a rolling monthly basis we identified all adult KP members (>18 years) admitted to any Northern California KP hospital with a principal Ninth International Classification of Diseases (ICD-9) discharge diagnosis code for asthma (codes 493.00 to 493.99) during a 4 year period beginning in April 2000. We also included KP members admitted to hospital with a secondary ICD-9 discharge diagnosis code for asthma and a principal ICD-9 code for acute asthma related respiratory conditions (pneumonia, influenza with pneumonia, acute upper respiratory infection, acute bronchitis and bronchiolitis, pulmonary collapse, respiratory failure, other pulmonary insufficiency, pneumothorax, and viral infection). Persons with a primary or secondary discharge diagnosis code for chronic bronchitis (491.xx), emphysema (492.xx), or chronic airway obstruction (496.xx) were excluded. In addition, all subjects reported a physician diagnosis of asthma at the time of telephone interview.
Beginning in April 2000, we attempted to recruit all eligible adults who were admitted to the intensive care unit (ICU) for asthma who were considered to have more severe asthma. 10 To broaden the spectrum of asthma severity, in September 2000 we also began recruiting an additional random sample of all eligible adults admitted to hospital for asthma without ICU admission (non-ICU group). In October 2002 we began recruiting all eligible adults who were admitted to hospital for asthma, rather than just a random sample of the non-ICU group. The complete cohort included 865 subjects who underwent structured telephone interviews (53% completion rate).
At the end of the interview the 778 subjects who indicated no current smoking were invited to participate in the direct SHS monitoring programme (see below). Of these participants, 189 (24%) wore and returned the nicotine badge for 7 days and 138 (18%) returned hair samples that could be analysed for nicotine and cotinine. Overall, the subjects who participated in direct SHS monitoring were very similar to the cohort of non-smokers who did not participate (table 1) . Subjects who provided a hair sample were slightly older (mean 2 years) than those who did not. The participants in both the nicotine badge and hair sample analyses were less likely to indicate non-white race ethnicity. Otherwise, participants in the direct SHS monitoring programme were similar to non-participants, including severity of asthma and physical state of health. To take non-response into account, sampling weights were developed using all the personal characteristics in table 1. The weighted analysis was not substantively different from the unweighted analysis, so only the unweighted analysis is reported here.
Validation of asthma diagnosis
To validate the diagnosis of asthma we selected a stratified random sample of 100 patient medical records from subjects admitted to the ICU for asthma and those hospitalised without ICU admission for asthma. The records were abstracted by a single trained medical record reviewer for a period ranging from 12 months before the index hospital admission until 6 months following the index date. The reviewer evaluated the records for a recorded physician diagnosis of asthma and related conditions, including exercise induced asthma and reactive airway disease. Of the 100 medical records, 99 had a physician's diagnosis of asthma recorded in the record; for the other subject a diagnosis of reactive airway disease was recorded. These data support the validity of our algorithm for identifying adults with asthma.
Measurement of direct SHS exposure
A combined approach was used to measure SHS exposure directly. Each subject was instructed to wear the personal nicotine badge monitor during his or her regular activities for 7 days. The passive monitor, which has been previously described, 11 12 samples nicotine from ambient air. A polystyrene cassette 4 cm in diameter holds a filter treated with sodium bisulfate and a membrane filter functions as a windscreen. Ambient nicotine diffuses to the treated filter where it is trapped. The collected nicotine is analysed by gas chromatography with nitrogen selective detection. The passive monitors have a limit of detection of ,0.01 mg per filter and a coefficient of variability of 0.11 for replicate analysis. 12 Hair nicotine and cotinine were measured because they both accumulate in growing hair, reflecting a longer time window of exposure. [13] [14] [15] [16] [17] [18] [19] Nicotine accumulates in hair primarily by direct absorption from ambient air; there is a direct linear relationship between the duration and concentration of exposure to ambient nicotine and hair nicotine level. 13 20 21 Cotinine, which is the major metabolite of nicotine, is incorporated into the growing hair shaft and reflects the area under the plasma concentration versus time curve. 13 Both hair nicotine and cotinine concentrations have been shown to distinguish passive smokers from active and non-smokers. 17 22 Hair was sampled and analysed using previously described techniques. 15 18 22 23 Each participating subject was instructed to cut approximately 10 hair shafts from the posterior vertex, as close as possible to the scalp. Because the hair test aimed to assess SHS exposure, the samples were analysed without prior washing that could remove nicotine adsorbed from ambient air. Each sample was cut into two segments for segmental analysis. Based on the growth rate of hair, which is about 1 cm per month, the first 1 cm segment approximately reflects SHS exposure during the previous month, whereas the 2-3 cm segment corresponds to the preceding 2 month period (that is, previous second to third months).
Hair nicotine and cotinine concentrations were determined by radioimmunoassay using techniques developed by the reference laboratory. Each portion of the hair to be analysed was minced with fine scissors into 1 mm segments and 3-7 mg of the hair was accurately weighed on an analytical Table 1 Personal characteristics of the cohort of non-smoking adults with asthma, including participants in the direct SHS monitoring programme Hair sample (n = 138)
Mean (SD) age (years)
61 (16) 63 (14) 65 (13) 35 (12) 34 (10) 34 (11) Unless otherwise indicated, the data are presented as n (%). *p,0.05 v entire cohort of non-smokers (for example, nicotine badge group v entire cohort who did not wear nicotine badge; hair sample group v entire cohort who did not provide hair sample). ÀEntire cohort n = 865 (87 current smokers (85 who reported smoking and two who had hair nicotine levels consistent with active smoking) were excluded).
balance. The hair was placed in a glass container with 1 ml sodium hydroxide 0.6N and digested overnight at 50˚C. The following day the solution was neutralised with a small volume (50-70 ml) of concentrated hydrochloric acid and 100 ml aliquots of the neutral solution were used to measure nicotine or cotinine concentrations by radioimmunoassay. For both analytes the same Isogel-Tris buffer was used at pH 7.4 with a 0.1% gelatin content. Tritiated nicotine/cotinine were used as radiolabelled tracers; the antiserum specific for nicotine/cotinine was raised in rabbits. To separate the antibody bound nicotine/cotinine from the free analyte, the same anti-rabbit gamma globulin raised in goats was used for both analytes. For quantification, nicotine (0.2-50 ng/ml) or cotinine (0.1-20 ng/ml) standards were used in hair digest totally void of nicotine or cotinine to account for any matrix effect. The results are expressed as ng analyte per mg hair. The quantification limit of the assay is 0.04 ng/mg of hair for nicotine and 0.02 ng/mg of hair for cotinine (for 5 mg of hair). Because they directly reflect ambient SHS levels, the personal badge nicotine monitor and hair nicotine levels are best considered measures of exposure. Hair cotinine, because it requires uptake and metabolism of nicotine, is a measure of SHS dose.
Self-reported SHS exposure
A validated survey instrument was used to measure selfreported recent SHS exposure. 24 The instrument assesses exposure during the previous 7 days in six microenvironments: the respondent's home, another person's home, travelling in a car or another vehicle, workplace (including outdoor smoking areas), bars and nightclubs, and other locations. For each microenvironment the total duration of exposure during the previous week was elicited. An overall measure of SHS exposure was created by summing the duration of exposure in each microenvironment. For the present study, self-reported SHS exposure was defined as one or more hours of exposure during the previous 7 days.
Other predictor variables (covariates) Structured telephone interviews ascertained age, sex, race ethnicity, educational attainment, and marital status. Cigarette smoking was measured using questions developed for the National Health Interview Survey. 25 As in previous studies, we defined educational attainment as high school or less, some college, or college/graduate degree. 26 Race ethnicity and marital status were classified as described previously. 26 Asthma health outcomes: disease severity, quality of life, and physical health status Asthma severity was measured using a previously developed and validated 13 item disease-specific severity of asthma score based on frequency of current asthma symptoms (daytime or nocturnal), use of systemic corticosteroids, use of other asthma medications (besides systemic corticosteroids), and history of hospital admissions and intubation. 27 28 Possible total scores range from 0 to 28, with higher scores reflecting more severe asthma. Previous work has established the reliability, concurrent validity, and predictive validity of the severity score. 27 28 Asthma-specific quality of life was assessed using the Marks Asthma Quality of Life Questionnaire (AQLQ), a 20-item questionnaire that measures the physical, emotional, and social impact of asthma. 29 Previous work has confirmed the validity and responsiveness of the AQLQ to change in asthma status. 30 31 Higher scores represent poorer asthmaspecific quality of life.
Generic physical health status was measured using the SF-12 questionnaire. 32 The physical component summary score, which was defined from the original eight SF-36 subscales by factor analysis, measures the underlying physical dimensions of health. Previous work has confirmed the validity of the SF-12 instrument in adult asthma. 33 Higher scores reflect more favourable health status.
Longitudinal outcomes: admission to hospital for asthma The longitudinal study outcome was admission to hospital for asthma that occurred after the index hospital admission and after the baseline study interview (the ''baseline'' period). Asthma related admission to hospital was defined as one or more admissions with a principal discharge diagnosis code for asthma (ICD-9 code 493.xx) or a secondary diagnosis code for asthma with a primary diagnosis of a related respiratory condition (see above).
Statistical analysis
and hair cotinine were divided into tertiles based on their distribution (the lowest tertile included subjects with no exposure and very low exposure levels). Linear regression analysis was used to examine the association between directly measured SHS exposure and severity of asthma, asthma-specific quality of life, and physical health status. Multivariate linear regression analysis was used to control for factors that may confound the relationship between SHS exposure and health outcomes, including age, sex, race ethnicity, educational attainment, household income, marital status, and previous smoking history. 6 34 Standard regression diagnostics were performed to verify model assumptions.
We used Cox proportional hazards regression analysis to evaluate the prospective impact of directly measured SHS exposure on the subsequent risk of admission to hospital for asthma during longitudinal follow up. Subjects were censored for death or termination of health plan membership. Multivariate proportional hazards analysis was used to control for the same covariates. The exact method was used for handling ties.
The proportional hazards assumption was tested by including time-SHS exposure interaction terms in the Cox model. 35 The proportional hazards assumption was violated for one model (hair nicotine, past month). In this model, SHS exposure was included as a time dependent covariate to take the non-proportionality into account. 36 Before conducting the study, statistical power was estimated for a two tailed a of 0.05 and b of 0.20 (power 80%). The study was powered to detect a 1.4 point increment in severity of asthma score and a relative risk of readmission to hospital of 1.8.
RESULTS
Prevalence of SHS exposure A minority of the overall cohort of adults with asthma reported at least 1 hour of SHS exposure during the previous week (15.4%; 95% CI 13.0 to 18.2). Similarly, only 12.2% and 11.6% of nicotine badge and hair sample participants, respectively, reported any recent SHS exposure. In contrast, the majority (72%; 95% CI 66 to 79) of adults with asthma had measurable exposure during the previous week by the personal nicotine badge analysis (table 2). The prevalence of SHS exposure was higher among those with the greatest asthma severity (as indicated by ICU admission for asthma) than among those admitted to hospital without ICU admission (p = 0.044). The intensity of exposure, which was also highest for asthmatics admitted to the ICU, is also shown in table 2.
Using hair nicotine analysis, we estimated an SHS exposure prevalence of 60% (95% CI 51 to 68) during the past month and 69% (95% CI 60 to 77) during the past 2-3 months (table 3) . The prevalence of SHS exposure was higher using analysis of hair cotinine (75% for the past month (95% CI 67 to 82) and 83% for the past 2-3 months (95% CI 75 to 89)). There were no statistical differences between the ICU and hospital only groups (p.0.50 in all cases).
Hair nicotine (a measure of SHS exposure) and hair cotinine (a measure of SHS dose) were moderately correlated at both the earlier (r = 0.63, p,0.0001) and later time points (r = 0.67, p,0.0001; table 4). The estimate of hair nicotine exposure was highly stable during the two time periods (r = 0.80). Hair cotinine levels were also highly stable (r = 0.84).
Directly measured SHS exposure/dose and asthma health outcomes Recent SHS exposure, as measured by the personal nicotine badge, was related to asthma severity (table 5). The highest tertile of SHS exposure was associated with a greater severity of asthma score (mean increment 1.56; 95% CI 0.18 to 2.95), controlling for age, sex, race, educational attainment, marital status, and previous smoking history. Although asthmaspecific quality of life and physical health status scores were higher among subjects in the highest exposure tertile, the confidence intervals were wide and included no effect.
The hair nicotine level during the previous month was not associated with asthma severity, asthma-specific quality of life, or physical health status (table 5 ). In the analysis of hair nicotine levels for the previous 2-3 months, there was a suggestion that the highest exposure tertile was associated with greater asthma severity (mean score increment 1.67; 95% CI 20.10 to 3.44), controlling for the same covariates.
When hair cotinine was examined as a measure of SHS dose, the second tertile was associated with greater asthma severity (mean increment 1.79; 95% CI 0.16 to 3.42; table 5). There were no other clear relationships between hair cotinine levels and measures of asthma status.
SHS exposure/dose and risk of hospital admission
There was no relation between recent SHS exposure measured by nicotine badge and the subsequent risk of admission to hospital (table 6 ). In contrast, the second and third tertiles of hair nicotine exposure during the previous month were associated with a greater prospective risk of admission to hospital for asthma (HR 3.73; 95% CI 1.04 to 13.3 and HR 3.61; 95% CI 1.01 to 12.9, respectively). This model required time-dependent terms for SHS exposure to take the non-proportional hazards into account. Consequently, these hazard ratios represent the risk of hospital admission at baseline; the risk diminished thereafter. For example, for the second tertile at 180 days the HR was 2.10, and at 365 days the HR was 1.16. For the third tertile at 180 days the HR was 1.81, and at 365 days the HR was 0.89. There was also a suggestion that hair cotinine levels during the previous 2-3 months were related to a greater prospective risk of asthma-related hospital admission, although the confidence intervals did not exclude the possibility of no relationship (table 6 ). In particular, the second and third tertile of hair cotinine appeared to be related to a higher risk of hospital admission (HR 2.08; 95% CI 0.96 to 4.54 and HR 1.80; 95% CI 0.81 to 4.00, respectively).
DISCUSSION
We report the first study to assess the effects of objectively measured SHS exposure on a substantial cohort of adults with asthma. Despite the fact that they had chronic respiratory disease, SHS exposure was common among adults with severe asthma, including those with severe disease requiring ICU admission. Moreover, survey based exposure assessment resulted in a striking underestimation of the prevalence of SHS exposure. Although the results vary by direct measurement technique and were not statistically significant in all cases, SHS exposure was generally associated with greater asthma severity and a greater risk of severe asthma exacerbation resulting in admission to hospital.
In a previous study we found evidence that SHS exposure was longitudinally associated with poorer health outcomes among adults with asthma. 6 Other epidemiological studies have also suggested that SHS exposure may exacerbate adult asthma.
2-5 37 38 These studies, however, all used self-reported SHS exposure which could have resulted in exposure misclassification. In a previous small study of 50 adults with asthma from a different cohort, we showed that SHS exposure measured by the nicotine badge test was associated with more asthma symptoms and rescue medication use. 24 Because we used direct SHS exposure measurement in a large prospective cohort, the present study provides important Table 4 Relationship between SHS exposure and dose measurements among adults with asthma additional evidence linking SHS exposure with poorer adult asthma outcomes.
The study participants lived in California where public smoking is mostly prohibited, so they had lower SHS exposure than is expected in most other geographical locations. For instance, adults who lived in Massachusetts during the 1980s had substantially higher personal badge nicotine concentrations during a typical week (median 1.7 mg/m 3 and 2.8 mg/m 3 in two different periods) than in our study (median 0.12 mg/m 3 ). 39 Other studies of persons who reside outside California also found higher hair nicotine and cotinine levels, including non-smoking pregnant women (3-7-fold higher than we observed), children with asthma (8-fold higher), and persons with occupational SHS exposure (2-6-fold higher). 16 22 40 Our observed negative effects of SHS exposure on adults with asthma are therefore a conservative estimate, with greater potential effects among asthmatics who live in places that allow more SHS exposure.
The impact of SHS exposure on asthma outcomes varied according to the direct exposure methods used. Some of these differences reflect the duration of exposure measured by each technique. Both the nicotine badge test (which measured exposure during the previous week) and the hair samples (which reflected more remote exposure) were associated with greater current asthma severity. In contrast, some hair measurements, which reflect cumulative SHS exposure during the past several months, were related to an increased risk of future hospital admission whereas the shorter term nicotine badge measurements were not. Based on these results, it seems likely that longer term cumulative SHS exposure is more likely to have an adverse effect on future asthma health outcomes such as admission to hospital, whereas asthma severity is affected by both short and longer term exposure. There did not appear to be a consistent differential impact of hair nicotine concentrations (which primarily reflect direct absorption from ambient air) and hair cotinine concentrations (which reflect hepatic metabolism of nicotine) on asthma outcomes.
The current study has limitations which may affect interpretation of the data. Although direct measurement of SHS exposure is a more accurate method than self-reporting, it is more labour intensive and requires a greater degree of commitment from study subjects. Consequently, not all eligible subjects participated in direct monitoring which could have introduced selection bias. However, the similarity of participants and non-participants reduced the likelihood of this. In addition, incorporating sample weights that account for non-response into the analysis had a negligible impact on study results (data not shown). The other consequence of lower study participation is diminished statistical power which resulted in decreased precision of effect estimates. In some cases there appeared to be a deleterious effect of SHS exposure, but the 95% confidence intervals were wide and included no association. A larger sample size might have ÀProportional hazards assumption was violated for this model (interaction between hair nicotine during the previous month and time, p = 0.08). The hazards ratio (HR) represents the risk of hospital admission at the baseline of the prospective follow up period; the risk diminished thereafter (see text). The proportional hazards assumption was not violated for the other models so time-dependent analyses are not presented. NA = model not applicable (as described above).
Main messages
N Exposure to second hand tobacco smoke (SHS) is common among adults with asthma, with an exposure prevalence that is comparable to the general population.
N SHS exposure appears to be associated with greater asthma severity and a higher prospective risk of hospital admission for asthma.
resulted in clearer evidence of SHS effects in these cases. Alternatively, studying the question in a geographical area where smoking is more common and SHS levels are higher might have increased statistical power. Finally, while direct SHS exposure eliminated the bias inherent in self-reported exposure, a bias termed the ''healthy passive smoker effect'' can still occur, meaning that more severely affected asthmatics may selectively avoid SHS exposure, attenuating the observed association between exposure and asthma health outcomes. In addition, misclassification of asthma could affect the study results. We used inclusion criteria that mandated a hospital discharge diagnosis of asthma, but errors in discharge coding can occur. Supporting the validity of our study approach, previous investigations have used ICD-9 discharge diagnoses to define persons admitted to hospital for asthma. 9 41-43 In addition, this approach has been validated against medical record review by our colleagues at Kaiser Permanente Northwest. 44 Moreover, all subjects in the present study reported a physician diagnosis of asthma. Because our sampling strategy targeted adults with more severe asthma, these results may not be fully generalisable to persons with milder disease. In addition, KP members, because they have access to health care, may also be different from the general population of adults with asthma. Mitigating these limitations, the sociodemographic characteristics of Northern California KP members are similar to those of the regional population, with some under-representation of income extremes. 8 9 Our results have implications for research, public health, and clinical practice. Direct SHS exposure measurement has better accuracy than self-reported exposure, but the trade off is greater cost, more commitment required from study subjects, and decreased participation rates. For a given study, investigators need to weigh the issue of accurate exposure classification against the possibility of selection bias. In terms of public health, asthma is a salient condition among the general public, so our finding that SHS negatively affects adults with asthma will help support the growing movement to prohibit smoking in public places throughout the US and the rest of the world. These results give credence to the clinical recommendation, 45 initially made without the support of epidemiological evidence, that healthcare providers should screen their asthma patients for SHS exposure and counsel its avoidance.
